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Abstract
Squirrel monkeys, Saimiri, are commonly found in zoological parks and used in biomedical research. S. boliviensis is the most common
species for research; however, there is little information about genome evolution within this primate lineage. Here, we reconstruct
the Alu element sequence amplification and evolution in the genus Saimiri at the time of divergence within the family Cebidae
lineage. Alu elements are the most successful SINE (Short Interspersed Element) in primates. Here, we report 46 Saimiri lineage
specific Alu subfamilies. Retrotransposition activity involved subfamilies related to AluS, AluTa10, and AluTa15. Many subfamilies are
simultaneously active within the Saimiri lineage, a finding which supports the stealth model of Alu amplification. We also report a
high resolution analysis of Alu subfamilies within the S. boliviensis genome [saiBol1].
Key words: retrotransposon, Alu, Saimiri, subfamilies, evolution.

Introduction
Alu elements are 300 base pair (bp) primate specific retrotransposons. (Batzer and Deininger 2002; Konkel et al. 2010;
Deininger 2011). They are composed of two G–C rich 7SL
RNA derived subunits connected via an a-rich linker region
and ending in an a-rich tail (Jurka and Zuckerkandl 1991;
Deininger 2011). Over time, Alu elements accrue diagnostic
mutations that can be used for subfamily classification
(Shedlock et al. 2004; Ray 2007) along with random mutations indicative of the age of the elements (Xing et al. 2004).
Lineages where particular Alu subfamilies have been active
show distinct insertion patterns within the genome. Some
insertions are shared with closely related taxa, whereas, others
will be more taxon specific. The presence of the same element
in multiple taxa provides evidence of an integration event that
took place in a common ancestor. Confirmation of phylogenetically significant integrations is possible because Alu elements are nonautonomous and must use the machinery of L1
elements to retrotranspose via Target Primed Reverse
Transcription (TPRT) (Luan and Eickbush 1995; Dewannieux
et al. 2003; Deininger 2011). By using TPRT, Alu integrations
can be easily determined by the presence of element specific

Target Site Duplications (TSDs) that are formed during their
integration (Luan et al. 1993; Feng et al. 1996). Alu elements
are nearly homoplasy free and unidirectional genetic characters with a known ancestral state, hence making them distinct
phylogenetic markers (Batzer et al. 1994; Ray 2007).
The New World Monkey (NWM) lineage is one of the most
studied and debated primate groups over the last 40 years and
Alu elements have been helpful with understanding some
phylogenetic relationships between species (Baba et al.
1979; Schneider 2000; Schrago and Russo 2003; Singer
et al. 2003; Steiper and Ruvolo 2003; Ray et al. 2005; Bond
et al. 2015; Kay 2015). Due to relatively poor fossil records of
New World Monkeys it is hard to determine specific divergence times and precisely decipher speciation events. The traditional classification of New World Monkeys had two
families: Callitrichidae and Cebidae, using morphology based
taxonomy. In 2009, Osterholz (Osterholz et al. 2009) confirmed the monophyly of three families Cebidae, Atelidae,
and Pitheciidae using Alu elements as cladistic markers.
Classification of the NWM phylogeny has since expanded
to the acceptance of three families Cebidae (small bodies with
claws), Atelidae (large fruit and leaf eating monkeys with

ß The Author 2017. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Genome Biol. Evol. 9(9):2365–2376. doi:10.1093/gbe/evx172 Advance Access publication September 1, 2017

2365

Downloaded from https://academic.oup.com/gbe/article/9/9/2365/4101899 by Louisiana State University user on 21 September 2021

Jasmine N. Baker1, Jerilyn A. Walker1, John A. Vanchiere2, Kacie R. Phillippe1, Corey P. St. Romain1, Paulina
Gonzalez-Quiroga1, Michael W. Denham1, Jackson R. Mierl1, Miriam K. Konkel1,3, and Mark A. Batzer1,*

GBE

Baker et al.

2366

(Hershkovitz 1984). He grouped the genus into the Roman
type which contained Saimiri boliviensis and the Gothic type
which contained Saimiri sciureus. Saimiri boliviensis is located in
the upper Amazonian and Saimiri sciureus is distributed across
tropical South America (the south bank Amazonia Rios Purus
and Xingu, Pacific coastal area near Cost Rica and Panama—
much of this geographical area overlaps Saimiri boliviensis)
(Hershkovitz 1984; Coe and Rosenblum 1985; Alfaro et al.
2015). The current squirrel monkey genome [saiBol1] is roman
type/the Bolivian squirrel monkey. Currently, the subfamily evolution of Alu elements of Saimiri is unknown and there are few
Alu genetic markers used to determine inter species relationships of Saimiri. The common marmoset genome [calJac3] was
the first NWM draft assembly that was analyzed and Alu subfamily evolution was reconstructed leading to the common
marmoset (Worley et al. 2014). The marmoset genome contained 1.1 million Alu elements and of those elements
660,000 were full length. 87 new Alu element subfamilies
were identified. The youngest Alu subfamilies were derived
from derivatives of AluTa15 (Worley et al. 2014).
The goal of this study was to identify patterns of Alu subfamily amplification and evolution in the genus Saimiri after
their divergence from the rest of Cebidae. Understanding Alu
subfamily evolution in Saimiri would help resolve years of
questions about New World Monkey relationships. We aimed
to use Alu insertion polymorphisms from the squirrel monkey
genome to determine the historical relationship of the squirrel
monkey lineage.

Materials and Methods
A summary of the methods can be found in figure 1. A data
set of full length Alu elements from the Saimiri genome
[saiBol1] was generated by using the Blat Table Browser
(Donna Karolchik et al. 2004). Full length elements are described as beginning within 4 bp of its prospective consensus
sequence and being 267 bp. All full length Alu elements
were extracted from the genome using the table browser
with 600 bp of 50 and 30 flanking unique DNA sequences.
A total of 739,636 full length Alu elements were extracted
from the genome. Data were analyzed using wet bench and
computational techniques.

Species Comparison
The data were compared against Human [hg38], Marmoset
[calJac3] and Aotus [Anan_1.0] genomes using the Blast Like
Alignment Tool (BLAT) (Kent 2002). The human and marmoset genome were obtained from the UCSC Genome Browser
and the Aotus genome was obtained from NCBI in scaffold
format (BCM-HGSC 2015). Duplicate elements were removed
from the Blat output file leaving the result per locus with the
highest Smith–Waterman score. The Blat output from each run
was further analyzed using a custom python script to
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prehensile tails) and Pitheciidae (specialized seed predators)
(Schneider and Sampaio 2015). There have been various studies conducted to determine the classification and divergence
times of NWM, specifically the Cebidae family (Goodman
et al. 1998; Schneider 2000; Steiper and Ruvolo 2003;
Schrago 2007; Perez et al. 2013; Kay 2015). All of these studies have provided informative trees to show the development
of species relationships. A fairly recent study on the first primate fossil found on a North American landmass estimates
the minimum age of a split between two of the Cebidae
subfamilies, Callitrichinae (marmosets and tamarins), and
Cebinae to be about 20.77–21.90 Ma. The estimated divergence of Cebidae from Atelidae is 21.84–24.93 Ma. Despite
some differences, it can be agreed upon there was a quick
radiation of the ancestors of Aotus, Saimiri, Cebus and modern Callitrichine (marmosets and tamarins). Even though there
seems to be a general consensus on the families of the New
World Monkeys there is still some disagreement on subfamily
structure within the NWM lineage. Results from studies varied
based on the type of molecular test or marker. However, since
the family Cebidae contains two species with annotated
genomes, common marmoset (Callithrix jacchus) and squirrel
monkey (Saimiri bolivienis) and two genera with scaffold
genomes, Cebus (Cebus capucinus) and owl monkey (Aotus
nancymaae) analyzing Alu insertion polymorphisms may be a
promising route to resolve these lineages based on results of
previous studies using Alu elements as markers (Shedlock
et al. 2004; Ray et al. 2005; Konkel et al. 2010).
Various studies using Alu elements as genetic markers have
tried to elucidate the NWM phylogeny by focusing on younger polymorphic elements. AluJ elements are the oldest Alu
subfamily and found in all primate genomes, AluS are mainly
found in anthropoid primates and AluTa are only found in
Platyrrhine primates (NWMs) (Ray 2007; Konkel et al. 2010;
Schmitz et al. 2016). Singer 2003 (Singer et al. 2003) provided
evidence supporting platyrrhine monophyly and consecutive
branching events in the callitrichine phylogeny. In 2005 Ray
and Batzer reported (Ray et al. 2005), New World Monkey
specific subfamilies. Those subfamilies were AluTa7, AluTa10,
and AluTa15. AluTa elements are thought to have derived
15 Ma from a gene conversion event of two ancestral
AluS subfamilies (Alu Sc- and Alu Sp-). In 2008, Osterholz
(Osterholz et al. 2008) identified a pattern to determine geographic origin with Alu insertions between two species of
squirrel monkeys, S. sciureus and S. boliviensis. With the recent release of the common marmoset [calJac3] and Bolivian
squirrel monkey [saiBol1] genomes it is now possible to take a
more in depth look at these neotropical primates.
Squirrel monkeys, genus Saimiri, are one of the best known
neotropical primates and the second most commonly used
laboratory monkey (Kinzey 1997). The squirrel monkey is
thought to have diverged 1.5 Ma (Chiou et al. 2011) in the
NWM lineage. The two most well-known species of squirrel
monkey were first named by Hershokovitz in 1984
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determine if insertions were shared or unique among species in
the following manner. The python script reads the Blat psl file.
The script checks for the starting locations of query and target
gap starts and sizes. If all query and target genome gap sizes
were smaller than 150 and 250 bp, respectively, then the insertion was shared among the analyzed species. If query gap
size of interest was within 30 bp of 300 bp and all target gap
sizes <250 bp, then the locus was identified as squirrel monkey
specific. Last, a custom python script was used to determine
how many specific sequences were high quality. High quality is
defined here as having a full length Alu element with at least
150 bp of flanking sequence on both the 50 and 30 side of the
element. These parameters were selected to ensure the Alu
element of interest was being identified and that there would
be enough shared regions between the target and query to
design unique sequence oligonucleotide primers for polymerase chain reaction (PCR) amplification of the locus.

PCR Analysis
PCR amplification was performed in 25 ll reactions that contained 25–50 ng of template DNA, 200 nM of each primer,
1.5 mM MgCl2, 10 PCR buffer, 0.2 mM deoxyribonucleotide triphosphates and 1 unit of Taq DNA polymerase. The
PCR protocol is as follows: 95  C for 1 min, 32 cycles of denaturation at 94  C for 30 s, 30 s at the respective annealing
temperature, and extension at 72  C for 30 s, followed by a
final extension step at 72  C for 2 min. Gel electrophoresis
was performed on a 2% agarose gel containing 0.2 lg/ml
ethidium bromide for 60 min at 175 V. UV fluorescence was

used to visualize the DNA fragments using a BioRad
ChemiDoc XRS imaging system (Hercules, CA).

Subfamily Identification
Alu insertions determined to be Saimiri specific were aligned
via Crossmatch (www.phrap.org/phredphrapconsed.html
#block_phrap; last accessed July 2016) with the following
settings: -gap_init -25, gap_ext -5, -min score 200, -minmatch 6 –alignments –bandwidth 50 then analyzed via
COSEG (www.repeatmasker.org/COSEGDownload.html;
last accessed July 2016) to determine subfamily structure.
The Saimiri specific data set was aligned against the AluS
consensus sequence (Jurka and Zuckerkandl 1991). COSEG
was then used to group Alu subfamilies. The middle A-rich
region of the AluS consensus sequence was excluded from
analysis when determining subfamilies, whereas tri and di
segregating mutations were considered. Using these criteria,
a group of ten or more identical sequences was considered a
separate Alu subfamily. A network analysis of identified Alu
subfamilies was created by inputting an excel file (supple
mentary file 4, Supplementary Material online) containing
the source, target and weight into Gephi 0.9.1 (Bastian
et al. 2009). Source refers to the parent nodes and target
refers to nodes branching from a source. Weight refers to
the differences between a source and target node and is
reflected in the thickness of branches. The excel file was
uploaded under “edges” and “create missing nodes” was
selected. Once the data was imported, label names were
created for each node and sizes were entered to reflect
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FIG. 1.—Methods Flowchart. The flow chart entails the computational and wet bench methods used to analyze Alu elements from the Saimiri reference
genome.
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Holder 2010; Holder 2015). BEAST software (Bayesian
Evolutionary Analysis Sampling Trees) (Drummond et al
2012) was used for Bayesian analysis. The following settings
were changed from the default settings: site heterogeneity
¼ gamma, species tree prior ¼ birth death process, and nucleotide model ¼ TrN. The length of the chain was 30 million.

Transposition in Transposition Analysis
We estimated the chronological order of Alu element accumulation using the transposition in transposition (TinT)
method (Kriegs et al. 2007; Churakov et al 2010) (http://
www.compgen.unimuester.de/tools/tint/ last accessed July
13, 2017; default parameters for SINE elements) on all full
length elements from the squirrel monkey genome. The
resulting graph can be found in supplementary file 1,
Supplementary Material online.

Results
We examined a total of 1,017,126 Alu elements in the squirrel
monkey genome based on a Blat Table Browser search.
739,636 full length elements were identified.

Model Selection
All subfamilies identified were analyzed with jModelTest-2.17
(Darriba et al. 2012) to determine the best model of nucleotide evolution for the data set. The Akaike information criterion (AIC) and Bayesian information criterion (BIC) models
were a gamma distribution with an alpha value of 0.3770
and 0.3920, respectively. Since alpha was <1, it means the
distribution has a highly skewed L-shape, and most sites have
very low rates or are nearly “invariable”, but there are some
substitution hot spots with high rates of variation (Yang
2014). The AIC model selected was TrN þ IþG(variable base
frequencies, equal transversion rates, variable transition rates,
unchanging sites, and gamma distributed rate variation
among sites) and the BIC model selected was
TrN þ G(variable base frequencies, equal transversion rates,
variable transition rates, and gamma distributed rate variation
among sites). According to the BIC model selected, transitions
rAG ¼ 3.9349 and rCT ¼ 8.3258 (rAG ¼ rate of change from
A to G and rCT ¼ rate of change from C to T) which aligns
with previous studies that CpG sites in Alu elements have six
to ten times faster mutation rates than non CpG sites (Labuda
and Striker 1989; Batzer et al. 1990; Xing et al. 2004).

Maximum Likelihood and Bayesian Analysis
An alignment and nexus file of 108 subfamilies identified in
the Saimiri lineage was created with MEGA6 (Tamura et al.
2013). Garli-2.01 was used to infer a Maximum Likelihood
tree for the data using the TrN þ I þ G model of DNA evolution and 10,000 bootstraps (Zwickl 2014). The resulting trees
were subsequently analyzed using Sumtrees to produce a
majority-rules consensus (Zwickl 2014; Sukumaran and

2368

Alu Prediction Validation
Approximately 80 of these loci were amplified by polymerase
chain reaction to ensure accuracy of the detection program.
The DNA panel used in these experiments and the results are
shown in supplementary file 2, Supplementary Material online. Of the 739,636 full length Alu element insertions, 43,201
were determined to be specific to Saimiri. Of these Saimiri
specific loci, a separate set of 60 were randomly chosen
to experimentally verify their Saimiri lineage specificity (fig.
2) along with the locus reported by (Osterholz et al. 2008)
using the DNA panel described in supplementary file 2,
Supplementary Material online.

Alu Subfamily Inference
Analysis with custom python scripts resulted in 41,782 high
quality orthologous loci. Pairwise alignments were then completed using Crossmatch. 149 sequences were filtered due to
poor quality alignments leaving 41,633 sequences to analyze
in COSEG. Forty-six Alu subfamilies were identified (fig. 3). All
46 consensus sequences (supplementary file 8,
Supplementary Material online) were aligned and analyzed
to see if there were similarities to previously defined Alu subfamilies. Our results suggest, there were four major bursts of
Alu element amplification in the squirrel monkey lineage.

Alu Subfamily Evolution
Major bursts, in approximate sequential order based on the
network analysis (fig. 3), divergence calculations (fig. 5), phylogenetic analysis (figs. 6 and 7), and TinT (supplementary fig.
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the subfamily size indicated by COSEG. The layouts used
were Fruchterman Reingold and Force Atlas2 (prevent overlap and scaling was changed to 50). Under “appearance”,
node size and edge/branch size was adjusted to reflect the
numbers entered for size and weight.
Next, a custom RepeatMasker library was created containing the Alu consensus sequences from the Saimiri lineage
specific subfamilies, as well as those identified in the
Marmoset Consortium project and previously known Alu subfamilies was created to verify the presence of each subfamily
in the data set. Then, using this custom library, we used
RepeatMasker (Smit et al 2013-2015) to identify subfamilies
unique to the full length Alu data set of squirrel monkey.
The data set was repeat masked with the following settings:
-s –nolow –lib libraryfilename –no_is dataset.fasta.
Subfamilies with young Alu elements (2% or less diverged
from the consensus sequence) were analyzed using polymerase chain reaction within a sample size of 32 squirrel monkeys
(supplementary file 5, Supplementary Material online). The
number of loci assessed from each subfamily ranged from 1
to 5 depending on how many loci were young.
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FIG. 3.—Network Analysis of Lineage specific Alu Subfamilies in the genome. This is a network schematic (diagram) of the 46 lineage specific Alu
subfamilies identified in [saiBol1] via COSEG and generated in Gephi. The size of each node represents the number of individual Alu elements in each
subfamily (larger circles have more members). The thickness of the branch lines correlates to the number of nucleotide substitutions between the source
node and target node, also printed at the base of each branch. Green nodes are AluS derived, yellow nodes are AluTa10 derived and purple nodes are
AluTa15 derived.

1, Supplementary Material online) were AluS derived subfamilies (i.e., sub8), AluTa10 derived elements (i.e., sub6 and
sub1), and AluTa15 derived subfamilies (i.e., sub0). The root
and eldest families prior to the first transposition burst are

AluS derived (figs. 3 and 4). The first and second burst of
Alu elements appear to be AluTa10 derived and the most
recent burst appear to be AluTa15 derived. The consensus
sequence for each of the 46 lineage specific Alu subfamilies
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FIG. 2.—Squirrel Monkey Specific Alu Element. The presence of the Alu element (genomic location: JH378127: 2656603-2658120) is indicated by the 
616 bp band (lane 18) and the absence/empty site by the  314 bp bands. Lanes: 1-100 bp ladder, 2-TLE (negative control), 3-Human (HeLa), 4-Chimpanzee,
5-African Green Monkey, 6-Wooly Monkey, 7-White Bellied Spider Monkey, 8-Black-handed Spider Monkey, 9-Bolivian Red Howler Monkey, 10-Common
Marmoset, 11-Pygmy Marmoset, 12-Goeldi’s Marmoset, 13-Red-chested Mustached Tamarin, 14-Geoffroys Saddle-Back Tamarin, 15-Capuchin Monkey,
16-Capuchin Monkey, 17-Capuchin Monkey, 18- Squirrel Monkey, 19-Owl Monkey, 20-Northern White-Faced Saki, 21-Bolivian Grey Titi, 22–100 bp ladder.
Blue brackets¼ human and old world monkeys (3–5), yellow brackets ¼ new world monkeys (6–21), Atelidae (6–9), green brackets ¼ Callitrichidae (10–14),
orange brackets¼ Cebidae (15–19), and Pitheciidae (20–21).
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is shown in FASTA format in supplementary file 4,
Supplementary Material online. To further investigate subfamily structure of the Saimiri lineage, a custom
RepeatMasker library was created and the data set was
RepeatMasked against the subfamilies identified by COSEG,
the subfamilies identified in the Marmoset Consortium project
and the Alu Consensus sequences from the RepeatMasker
library. This was done to ensure sequences were as closely
(matched) identified to its prospective consensus sequence
based on the Alu consensus sequences known to be in
New World Monkeys.
The majority, 96% (40,198 of 41,633 elements), of the
squirrel monkey specific Alu elements were properly identified
during the RepeatMasker analysis. All 46 of the newly identified Saimiri subfamilies (denoted as Sub in fig. 3) were identified in the data set along with another 46 separate Alu
subfamilies identified from the Marmoset Consortium project
(denoted as sf). Another 16 subfamilies were classified as AluJ
and S subfamilies, resulting in a total of 108 Alu subfamilies
identified in the genome [saiBol1]. The subfamily with the
highest amplification throughout the squirrel monkey specific
loci was sf63 (supplementary file 6, Supplementary Material
online). This subfamily seemed to have the greatest retention
(27,574 loci in the genome) as well as amplification after
speciation accounting for 13,193 squirrel monkey specific loci

2370

(fig. 5). Of the loci used for verification, 33 subfamilies were
represented (24 newly determined subfamilies, 8 Marmoset
Consortium subfamilies, and 1 previously known New World
Monkey specific subfamily—AluTa10). The locus from
Osterholz was also RepeatMasked and identified as sf63—a
subfamily identified during the Marmoset Consortium Project
that had high amplification within the squirrel monkey specific
loci (fig. 5). This locus is thought to be a possible subspecies
molecular marker (Osterholz et al. 2008).
To compare subfamily composition in the lineage specific
loci data set against the full length elements of the entire
genome and to ensure accurate subfamily identification, all
the full length elements of the squirrel monkey genome were
RepeatMasked against a custom RepeatMasker library that
included the newly identified 46 subfamilies. The original
full length Alu element data set contained 739,636 elements
and of those 614,652 (83%) were identified to match a prospective consensus sequence via RepeatMasker. The subfamily identification from this run was used in all further analyses.
Supplementary file 6, Supplementary Material online displays
the breakdown of individual subfamilies that were detected in
the genome data set and may have had a decrease in representation in the squirrel monkey specific data set. Last, a TinT
analysis (supplementary file 1, Supplementary Material online)
was completed with the Alu elements in the reference

Genome Biol. Evol. 9(9):2365–2376 doi:10.1093/gbe/evx172 Advance Access publication September 1, 2017

Downloaded from https://academic.oup.com/gbe/article/9/9/2365/4101899 by Louisiana State University user on 21 September 2021

FIG. 4.—Alignment of Alu Subfamilies prior to the first burst of AluTa10 related subfamilies. The top sequence in the oldest subfamily identified in the
squirrel monkey specific data set. The next three sequences are more recent subfamilies and are derivatives of AluS prior to the first burst of AluTa10,
illustrating that AluS derived subfamilies played a role in the subsequent Alu amplification in the Saimiri lineage. The dots represent sequence identities and
the dashes represent deletions. Mutations are denoted with the appropriate nucleotide.
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genome to analyze the rate of amplification across time. The
activity is similar to the marmoset lineage and other primate
lineages bases on the previous TinT analysis of primates in
Churakov et al. (2010).

Subfamily Divergence
Subfamily divergence was analyzed via excel (supplementary
file 7, Supplementary Material online). A total of 4,174 Alu
elements were classified as young (0.0–2.0% diverged). 51 of
108 subfamilies in the Saimiri genome contained loci that
were 0–2% diverged from their respective consensus sequences (supplementary file 7, Supplementary Material online).
667 of 4,174 are from the 26 lineage specific subfamilies
that contained young elements (table 1). Younger elements
were overrepresented in AluTa15 derived subfamilies (fig. 5
and supplementary file 6, Supplementary Material online).
Figure 5 depicts sf63, subfamily 4 and subfamily 5 and are
most likely derived from a common ancestor of AluTa15. 129
young Alu elements from the 51 subfamilies were analyzed by
PCR and 68 of the 129 loci were polymorphic (53%).
Younger elements are more likely to be polymorphic; however, this rate has the possibility to vary with an increase in
sample size.

The tree produced shows branching in relation to all 108
subfamilies identified in the Saimiri lineage. The Maximum
Likelihood tree (fig. 6) was largely unresolved; however, the
Bayesian analysis was able to resolve all branches (fig. 7).
Bayesian analysis of the subfamily consensus sequences
agreed in large part with the network analysis in figure 3.
Based on the tree branching we were able to determine
which families were more related to each other and their
possible derivatives.

Discussion
The results of this study outline the evolution and amplification of lineage specific Alu subfamilies in the Saimiri NWM
lineage. Of the 108 Alu subfamilies identified from the squirrel
monkey reference genome [saiBol1], 46 appeared Saimiri lineage specific in that they evolved after the divergence from
the marmoset lineage. Alu subfamilies shared with marmoset
were generally less prolific in the Saimiri lineage in numbers
compared with the squirrel monkey specific genome content
(supplementary file 6, Supplementary Material online). Some
of the subfamilies identified in the marmoset consortium project were not recovered in this study (supplementary file 6,
Supplementary Material online). Since there is currently no
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FIG. 5.—Percent divergence of Alu subfamilies with the highest retention in Squirrel Monkey. Percent divergence ranges from 0 to 21.5% diverged from
its prospective consensus sequence. Each subfamily is identified by a different color. The figure shows AluTa15, sf63 and subfamily 4 and subfamily 5. The
remaining subfamilies identified in the genome are combined into a single category, “Other subfamilies.” A full list of subfamilies and their count can be
found in supplementary files 6 and 7, Supplementary Material online.
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FIG. 6.—Maximum Likelihood Tree of Alu subfamilies identified in the Saimiri genome. This tree displays a consensus of subfamily evolution in Saimiri.
Labels that begin with “sf” are the subfamilies identified during the Marmoset Genome Consortium project (Worley et al. 2014). Labels that begin with
“subfamily” are the subfamilies identified during this study. Branches are color coded to match the subfamily bursts depicted in figure 3. Green denotes
where AluS derived bursts occurred. Yellow denotes where AluTa10 bursts occurred. Purple denotes where AluTa15 derived bursts occurred. Bootstrap
values are listed on each branch.

2372

Genome Biol. Evol. 9(9):2365–2376 doi:10.1093/gbe/evx172 Advance Access publication September 1, 2017

Evolution of Alu Subfamily Structure in Saimiri

GBE

Downloaded from https://academic.oup.com/gbe/article/9/9/2365/4101899 by Louisiana State University user on 21 September 2021

FIG. 7.—Bayesian Tree of Alu subfamilies identified in the Saimiri genome. This tree displays a consensus of subfamily evolution in Saimiri. Labels that
begin with “sf” are the subfamilies identified during the Marmoset Genome Consortium project (Worley et al. 2014). Labels that begin with “subfamily” are
the subfamilies identified during this study. Branches are color coded to match the subfamily bursts depicted in Figure 3. Green denotes where AluS derived
bursts occurred. Yellow denotes where AluTa10 bursts occurred. Purple denotes where AluTa15 derived bursts occurred.
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Table 1
Number of Young Alu Elements in Lineage Specific Subfamiliesa
0%

0.50%

1%

1.50%

2%

0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
1
2
0
1

0
0
3
0
0
0
0
0
0
0
1
0
0
0
3
0
0
0
1
6
0
0
0
12
0
0

1
1
2
0
0
0
0
0
0
0
1
0
1
0
4
0
5
1
0
18
0
0
0
30
0
1

3
2
13
1
2
3
0
0
2
1
8
0
2
0
5
1
7
6
2
87
0
6
1
113
0
3

7
5
4
1
5
4
1
1
1
0
7
1
4
1
9
0
9
1
3
128
1
4
1
100
1
4

aThis chart displays the 26 subfamilies discovered in the lineage speciﬁc subfamilies that contained young Alu elements. The ﬁrst column is the subfamily name
and following columns contain total number of elements for each % divergence.

known method of precise SINE excision, there may have been
some host factors (Bogerd et al., 2006; Zamudio and
Bourc’his, 2010; Rowe et al. 2010; Soifer et al., 2005) that
limited further amplification in the [saiBol1] genome, whereas
other subfamilies identified in the marmoset consortium project may have begun amplification after the squirrel monkey
and marmoset split. Alternatively lineage sorting of polymorphic retrotransposition competent source loci after bottlenecks that occurred within the Saimiri lineage may have
randomly impacted the amplification of certain active subfamilies within the lineage through loss of more active driver
loci. There were also less lineage specific subfamilies than
reported for the marmoset consortium project. This is important because both species are members of the Cebidae family
of new world monkeys, and most likely split 20 Ma (Perez
et al. 2013) which is 5 Ma before the amplification of New
World Monkey specific Alu elements began (Ray 2007).
However, as with previous genome studies, gradual refinement of smaller lineage specific subfamilies is expected as
updated genome assemblies become available and additional
wet bench validations are conducted.
Alu elements are known to propagate in a star like amplification pattern with multiple subfamilies concurrently active

2374

Genome Biol. Evol. 9(9):2365–2376 doi:10.1093/gbe/evx172 Advance Access publication September 1, 2017

Downloaded from https://academic.oup.com/gbe/article/9/9/2365/4101899 by Louisiana State University user on 21 September 2021

subfamily 0
subfamily11
subfamily12
subfamily13
subfamily14
subfamily15
subfamily17
subfamily18
subfamily2
subfamily21
subfamily26
subfamily27
subfamily29
subfamily30
subfamily32
subfamily33
subfamily36
subfamily37
subfamily39
subfamily4
subfamily40
subfamily43
subfamily45
subfamily5
subfamily7
subfamily9

(Cordaux et al 2004). This pattern is seen in this data set (fig.
3). Each one of these bursts in amplification can be linked to
different time periods of the primate phylogenetic tree. The
order of subfamily amplifications were AluS related, AluTa10
and AluTa15 related, respectively. AluS subfamilies initially
arose 35 Ma and AluTa10 and AluTa15 subfamilies arose
15 Ma (Ray 2007). AluTa10 and AluTa15 are NWM specific
Alu subfamilies created via a gene conversion event of Alu Sc
and -Sp elements. According to our data, AluS related elements were ancestral to the AluTa elements before the lineage specific bursts in agreement with previous studies (Ray
and Batzer 2005; Ray 2007) This is confirmed by the subfamily
sequence consensus tree (fig. 7) which shows the most likely
relationships between the 108 subfamilies. The branching
patterns in figure 7 show groupings consistent with the lineage specific burst patterns illustrated in the network analysis
(fig. 3). 51 of those subfamilies were further tested to determine accumulation within the Saimiri lineage. 53% of young
loci from various subfamilies tested displayed polymorphisms
within a panel of 32 squirrel monkeys confirming that multiple subfamilies are still active and propagating within the
Saimiri lineage.
Before the bursts of AluTa subfamilies, the most ancestral
subfamilies consensus had high identity to Alu Sc and Alu Sp
consensus sequences (fig. 4). However, there were some
AluTa specific mutations. For example, there is a T at bp 57
that is a diagnostic mutation in 45 of 46 lineage specific subfamilies. Also, all AluTa related subfamilies and the first major
burst node (subfamily 8) of the S related subfamilies have an
adenosine at bp 78 (The B-box promoter); however, the A & B
promoter boxes are pristine with perfect sequence for the first
two parent nodes of the network analysis of squirrel monkey
specific subfamilies. It seems like these particular AluS subfamilies remained active for extended periods of time and
daughter subfamilies had a series of bursts in amplification.
It is fair to say our data supports the stealth model of Alu
mobilization. The stealth model of Alu mobilization states
that driver elements maintain low retrotransposition activity
over extended periods of time and create short-lived hyperactive copies that promote Alu mobilization in the genome
(Han et al. 2005).
The data from this study are informative because we can
target particular subfamily amplification roughly with different time periods in the primate lineage as well as to utilize
polymorphisms to characterize individual geographic origins
within the Saimiri lineage. For example, loci of various subfamilies were verified as polymorphic within individuals in the
Saimiri lineage. Within those loci, the loci from Osterholz were
reexamined on our squirrel monkey DNA panel (supplemen
tary file 3, Supplementary Material online). According to
Osterholz, this Alu insertion is primarily present in S. boliviensis
and generally absent from S. sciureus and a heterozygous
genotype means the squirrel monkey is likely a hybrid.
However, with our DNA panel we were able to determine
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Supplementary Material
Supplementary data are available at Genome Biology and
Evolution online.
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that the locus was polymorphic in S. sciureus and S. boliviensis
showing various patterns of homozygous and heterozygous
individuals within both species. Therefore, this locus may not
be as informative as a subspecies indicative molecular marker
as originally reported. However, analysis of a larger panel including all squirrel monkey species with known ancestry
would be beneficial to properly assay this locus. Considering
S. sciureus and S. boliviensis are sister taxa and the insertion
was 6% diverged from its consensus sequence it may not
have been fixed within the population prior to Saimiri splitting
into subspecies 1.5 Ma (Chiou et al. 2011). With the recent
release of the common marmoset [calJac3] and bolivian squirrel monkey [saiBol1] genomes it is now possible to take a
more in depth look at these neotropical primates.
Identifying more of these loci would be informative for studies
involving subspecies of squirrel monkeys or species they may
believe to be hybrids. It is important to keep in mind that these
sequences were mined from S. boliviensis. S. boliviensis is sister taxa to S. sciureus and sequences would need to be tested
between the squirrel monkey clade to determine intra species
specificity. However, by the use of computational and wet
bench techniques, we have been able to identify Saimiri lineage specific subfamilies and model the evolution of subfamily
structure within the genome. With new sequencing technology constantly being developed we look forward to seeing
how Alu composition can be further defined within the squirrel monkey lineage and other NWMs.
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